Abstract: We derive perturbativity constraints on beyond standard model scenarios with extra gauge groups, such as SU (2) or U (1), whose generators contribute to the electric charge, and show that there are both upper and lower limits on the additional gauge couplings, from the requirement that the couplings remain perturbative up to the grand unification theory (GUT) scale. This leads to stringent constraints on the masses of the corresponding gauge bosons and their collider phenomenology. We specifically focus on the models based on SU (2) L × U (1) I 3R × U (1) B−L and the left-right symmetric models based on SU (2) L × SU (2) R × U (1) B−L , and discuss the implications of the perturbativity constraints for new gauge boson searches at current and future colliders. In particular, we find that the stringent flavor constraints in the scalar sector of left-right model set a lower bound on the right-handed scale v R 10 TeV, if all the gauge and quartic couplings are to remain perturbative up to the GUT scale. This precludes the prospects of finding the Z R boson in the left-right model at the LHC, even in the high-luminosity phase, and leaves only a narrow window for the W R boson. A much broader allowed parameter space, with the right-handed scale v R up to 87 TeV, could be probed at the future 100 TeV collider.
In both these classes of models, demanding that gauge couplings remain perturbative i.e. g i < √ 4π up to the GUT or Planck scale imposes severe constraints on the allowed values of the extra gauge couplings, as well as on the masses of the additional gauge bosons. In case (i), where the additional group generators contribute to the electric charge, we find both upper and lower limits on the gauge couplings, whereas in case (ii), where the additional gauge couplings are not related to the electric charge, we only get upper limits and no lower limits. In this paper, we only focus on the case (i) models and derive the perturbativity bounds on the gauge couplings g R and g BL , corresponding to the SU (2) R (or U (1) I 3R ) and U (1) B−L gauge groups, respectively.
Our results have far-reaching implications for collider searches for extra gauge bosons. In particular, they have to be taken into consideration, while interpreting the current direct search constraints on the W R [29, 30] and Z R [31, 32] bosons from the Large Hadron Collider (LHC) data, or the prospects [33] [34] [35] [36] [37] at the High-Luminosity LHC (HL-LHC) and a future 100 TeV collider [38, 39] . In particular, if the measured gauge couplings fall outside the limits derived from perturbativity up to the GUT (or Planck) scale, that would imply that there is new physics at the TeV or intermediate scale which allows this to happen. That would have interesting implications for new BSM physics.
There is another important implication of our results for the LRSM. Due to the stringent flavor-changing neutral current (FCNC) constraints in the high-precision electroweak data such as K 0 − K 0 , B d − B d and B s − B s mixings [40] , the parity partner of the SM doublet scalar is required to be very heavy, i.e. 10 TeV [41] [42] [43] [44] . 1 Then one of the quartic couplings (α 3 ) in the scalar potential [see Eq. (4.5)] is of order one, if the right-handed (RH) scale v R lies in the few-TeV range. As a result, the perturbativity of the quartic couplings up to the GUT scale imposes a lower bound on the v R scale, i.e. v R 10 TeV. The renormalization group (RG) running of α 3 and other quartic couplings involves the gauge couplings g R and/or g BL . Hence, the perturbativity constraints in the scalar sector of LRSM do not only narrow down significantly the allowed ranges for the gauge couplings g R and g BL , but also supersede the current W R and Z R mass limits from the LHC, and even rule out the possibility of finding them at the HL-LHC (see Fig. 7 ). Therefore, if a heavy W R and/or Z R boson was to be found at the later stages of LHC, then either it does not belong to the LRSM, or the minimal LRSM has to be further extended at the TeV-scale or a higher intermediate scale, such that all the gauge, scalar and Yukawa couplings are perturbative up to the GUT scale.
Though we focus on the minimal U (1) B−L and LRSM gauge groups in this paper, the basic arguments and main results could easily be generalized to other gauge groups at the TeV scale, such as the SU (3) L × U (1) X [45] [46] [47] [48] , SU (3) L × SU (3) R × U (1) X [49] [50] [51] [52] [53] , and alternative left-right models with universal seesaw mechanism for the SM quarks and charged leptons [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] or with a stable right-handed neutrino (RHN) dark matter [64, 65] . However, our results do not apply to situations where the extra U (1) groups emerge out of non-Abelian groups at an intermediate scale, since they will completely alter the ultraviolet (UV) behavior of the TeV scale U (1) gauge couplings. String theories provide many examples where extra U (1)'s persist till the string scale without necessarily being embedded in intermediate scale non-Abelian groups [28, 66] . However, if the extra TeVscale gauge group in question is valid up to the GUT scale, where it gets embedded into a non-Abelian GUT group, SO(10) [1] [2] [3] [4] [5] or higher rank groups, our results will be applicable and give useful information on the particle spectrum at the TeV scale.
This paper is organized as follows: In Section 2, we sketch the basic theoretical arguments behind the perturbativity constraints on the gauge couplings that contribute to the electric charge. The application to the SU (2) L × U (1) I 3R × U (1) B−L gauge group is detailed in Section 3, along with the implications for searches of the heavy Z R boson and the v R scale at the LHC and future 100 TeV colliders. The analogous study for the LRSM gauge group SU (2) L × SU (2) R × U (1) B−L is performed in Section 4, where we also include the phenomenological implications on the W R , Z R searches at colliders. We conclude in Section 5. The state-of-the-art two-loop RG equations for the gauge, quartic and Yukawa couplings in the LRSM are collected in Appendix A.
Theoretical constraints
Our basic strategy is as follows: In the SM, when the electroweak gauge group breaks down to the electromagnetic group, i.e.
and we have the relation among the gauge couplings at the electroweak scale:
where g L , g Y , e are the gauge couplings for the SU (2) L , U (1) Y and U (1) EM gauge groups, respectively. Current experiments completely determine these coupling values at the electroweak scale [40] :
When the SM is extended in the gauge sector, to the gauge group SU (2) L ×U (1) X ×U (1) Z , such that the extra U (1) X, Z 's both contribute to the electric charge, then the modified electric charge formula becomes
This is also true if we replace one of the U (1) X,Z 's with an SU (2). The corresponding relation involving the new gauge couplings become [67] :
where g X and g Z are the gauge couplings for the U (1) X and U (1) Z gauge groups, respectively. This relation holds at the scale v X , where U (1) X × U (1) Z breaks down to the SM U (1) Y and correlates the couplings g X, Z to g Y . Since the value of g Y is experimentally determined at any scale v X (with the appropriate SM RG evolution), we must have g X, Z bounded from below in order to satisfy Eq. (2.5). On the other hand, requiring that the gauge couplings g X, Z remain perturbative till the GUT or Planck scale implies that g X, Z must also be bounded from above at any given scale v X . In other words, the couplings g X, Z can neither be arbitrarily large nor arbitrarily small at the TeV-scale, allowing only a limited range for their values. This in turn constrains the mass of the extra heavy gauge boson Z , which is given by
Clearly this has implications for the production of Z at colliders.
As an example, when the SM gauge group is extended to SU (2) Section 4 , the gauge couplings g X, Z are respectively g R and g BL , and v R is the scale at which the extended gauge groups break down to the SM electroweak gauge group G SM . Eq. (2.5) then implies a lower bound on the coupling g R [68] : 6) where θ w ≡ g Y /g L is the weak mixing angle, and α EM ≡ e 2 /4π is the fine-structure constant. For a phenomenologically-preferred TeV-scale v R , if g BL is in the perturbative regime, we can set an absolute theoretical lower bound on r g > tan θ w 0.55 [68, 69] . One should note that the lower bound on g R depends on the v R scale. This is before requiring the perturbativity to persist up to the GUT or Planck scale. When perturbativity constraints are imposed, the lower limit on g R becomes more stringent, as we show below (see Figs. 3, 4, 7 and 8).
The first case we focus on is the [8, 9] which possesses two BSM U (1) gauge groups, i.e. U (1) I 3R × U (1) B−L , which break down to the SM U (1) Y at a scale v R . Labeling the gauge couplings for the groups U (1) I 3R and U (1) B−L as g R and g BL respectively, we can set lower bounds on both g R and g BL at the v R scale from the coupling relation (2.5), as well as upper bounds from the requirement that they remain perturbative up to the GUT scale, as argued in Section 2. The particle content of this model [70, 71] is presented in Table 1 . Freedom from anomalies requires three RHNs which help to generate the tiny neutrino masses via the type-I seesaw mechanism [14] . In the scalar sector, one singlet ∆ R is used to beak the U (1) groups and generate the RHN masses, while the doublet H breaks the electroweak group, as in the SM. The one-loop renormalization group equations (RGEs) for the gauge couplings of the two U (1)'s are generated by the following β-functions: 
Note that we have not used GUT renormalized g BL , since we are not considering coupling unification, but rather the implications for the heavy Z R boson searches at colliders. This model could be viewed in some sense as an "effective" TeV-scale theory of LRSM with the SU (2) R -breaking scale and the mass of the heavy W R boson at the GUT scale [70, 71] . The U (1) B−L model discussed in this section could also be the TeV-scale effective theory of some GUT that contains U (1) B−L as a subgroup.
As an illustration, we set explicitly the RH scale v R = 5 TeV, and run the SM coupling g Y from the electroweak scale M Z up to the v R scale, at which the couplings g R and g BL are related to g Y as in Eq. (2.5) and can be expressed as functions of the ratio r g ≡ g R /g L . Then we evolve the two couplings g R and g Y from the v R scale up to the GUT scale, based on the β-functions in Eqs. (3.1) and (3.2). The correlations of g R, BL at the RH scale v R and GUT scale M GUT = 10 16 GeV are presented in Fig. 1 , as functions of the ratio r g at the v R scale (as shown by the color coding). The horizontal shaded region is excluded by the perturbativity limit g R, BL < √ 4π. The vertical dashed lines denote the upper limits on the gauge couplings, requiring them to stay below the perturbativity limit up to the GUT scale. On the other hand, the vertical dotted lines denote the lower limits on the gauge couplings, obtained from Eq. (2.5), which implies there is only one degree of freedom in the U (1) B−L model, and the values of g R and g BL are correlated at the scale v R , as shown by the red curve in Fig. 2 . In other words, a lower bound on g R corresponds to an upper bound on g BL , and vice versa. Numerically, the gauge couplings are found to be constrained to lie within a narrow window 0.398 < g R < 0.768 and 0.416 < g BL < 0.931 , with 0.631 < r g < 1.218 (3.3) at the v R scale, as shown in Fig. 1 . The perturbativity constraints on the gauge couplings g R and g BL at the v R scale have profound implications for the searches of the heavy Z R boson, whose mass is given by 
with Q f the electric charge of fermion f , I 3,f the third-component of isospin of that particle, and tan φ ≡ g BL /g R the RH gauge mixing angle. For a TeV-scale v R , the Z R mass is stringently constrained by the dilepton data pp → Z R → + − (with = e, µ) at the LHC [72, 73] . For a sequential Z boson, the current [31, 32] . The dilepton prospects of a sequential Z boson have also been estimated at the HL-LHC [74, 75] and future 100 TeV colliders [34, 75] , which are respectively 6.4 TeV and 30.7 TeV, for an integrated luminosity of 3000 fb −1 . Given a luminosity of 10 times larger at the 100 TeV collider, the dilepton prospects could be significantly enhanced, up to 43. Table 2 . Thus, the perturbativity constraints restrict the accessible range of M Z R up to 6.6 TeV at the HL-LHC and 31.8 TeV at the FCC-hh. For the purpose of concreteness, we have assumed the decay Z R → N i N i is open, such that the BR(Z R → + − ) is slightly smaller than the case without the decaying of Z R into RHNs and the dilepton limits in Fig. 3 are comparatively more conservative [64] . The dilepton constraints on the Z R mass can be traded for the constraints on v R scale using Eq. (3.4) . This is shown in Fig. 4 and Table 2 . The pink, green, blue and purple contours here show the variation of v R with respect to r g , with fixed Z R mass of M Z R = 5, 10, 20, 50 TeV, respectively. The perturbativity constraints given in Eq. 
The minimal left-right symmetric model
We now consider the TeV-scale LRSM based on the gauge group SU (2) L × SU (2) R × U (1) B−L [10] [11] [12] . Original aim of this model was to explain the asymmetric chiral structure of electroweak interactions in the SM. It was subsequently pointed out that it could account for the observed small neutrino masses via the type-I [13] [14] [15] [16] [17] and/or type-II [76] [77] [78] [79] [80] [81] seesaw mechanisms. In the "canonical" version of LRSM, it is always assumed that the gauge 
coupling g R = g L and the scalar content of the LRSM consists of one bidoublet Φ and the left-handed (∆ L ) and right-handed (∆ R ) triplets. As long as the RH scale v R is at the few-TeV range, the values of g R and g BL and their RG running up to the GUT scale are almost fixed, at least at the one-loop level. However, the coupling g R might be different from g L , which generates very rich phenomenology in the LRSM, see e.g. [64, 68, 69, 82, 83] . Moreover, a free g R not necessarily equal to g L makes it possible to investigate the whole parameter space of perturbative constraints in the LRSM. In addition, the parity and SU (2) R breaking scales might also be different such that the left-handed triplet ∆ L decouples from the TeV-scale physics [84] . This also helps to avoid the unacceptably large type-II seesaw contribution to the neutrino masses and/or fine-tuning in the scalar sector. Based on these arguments, we will not consider the ∆ L field in the low-energy LRSM. The matter content and the scalar fields in the minimal LRSM are collected in Table 3 . Three RHNs N 1,2,3 have been naturally introduced to form the RH lepton doublets ψ R and accommodate the type-I seesaw mechanism. The perturbative constraints from the gauge and scalar sectors follow in the next two subsections.
Perturbativity constraints from the gauge sector
The perturbativity limits in the gauge sector are conceptually similar to the U (1) B−L model in Section 3; the difference is mainly due to the β-function coefficients, which in this case are given by Note the change in sign for β(g R ), as compared to Eq. (3.1), which is due to the nonAbelian nature of SU (2) R . For completeness, we have also computed the two-loop RGEs using the code PyR@TE [85, 86] and list them in Appendix A, although it turns out that the two-loop corrections change the results only by a few per cent, as compared to the one-loop results presented here.
As the RH scale v R = 5 TeV (chosen in Section 3) is in tension with the stringent constraints from the scalar sector in LRSM (see Section 4.2 and Fig. 8 ), we set v R = 10 TeV as an illustrative example to evaluate the perturbative constraints on the gauge couplings g R and g BL . In fact, as long as the v R scale is at the ballpark of few-TeV, the changes in the running of g R and g BL are mainly due to the initial values of g R, BL at the v R scale, and are negligibly small. As in the U (1) B−L model in Section 3, the couplings g R and g BL are both functions of the ratio r g = g R /g L . The correlations of g R, BL at the v R scale and the GUT scale are presented in Fig. 5 , as functions of r g (as shown by the color coding). The two stars in Fig. 5 correspond to the special case g R = g L at the v R scale. As a result of non-Abelian nature of the SU (2) R group, g R is asymptotically free, i.e. it becomes smaller at higher energy scales. Thus g R could go up to the perturbativity limit of √ 4π at the v R scale (without considering the perturbativity limits from the scalar sector for the moment), which is very different from the U (1) B−L model, where the g R value is much more restricted at the v R scale [cf. Fig. 1 ]. The allowed ranges of the gauge couplings in the minimal LRSM are 0.406 < g R < √ 4π and 0.369 < g BL < 0.857 , with 0.648 < r g < 5.65 (4.3) at the scale v R , which is clearly shown in the correlation plot of g R and g BL in Fig. 6 . 
perturbative limit lower bound lower bound upper bound Figure 6 : Correlation of g R and g BL in the minimal LRSM at the scale v R = 10 TeV (red curve), along with the lower and upper bounds on the couplings g R, BL , induced from the requirement of perturbativity up to the GUT scale. The shaded region is excluded by the perturbativity limit g R < √ 4π.
In the LRSM, the couplings of Z R boson to the SM fermions and the heavy RHNs are the same as in the U (1) B−L model in Section 3. Thus, the dilepton limits from current LHC 13 TeV data [31, 32] and the prospects at the HL-LHC [74, 75] and future 100 TeV colliders [34, 75] are also the same as in U (1) B−L model, up to the different perturbative windows for the gauge couplings in Eqs. (3.3) and (4.3), respectively. The current LHC 13 TeV dilepton constraints on the Z R mass in the minimal LRSM and the future prospects are shown in the right panel of Fig. 7 , along with the contours for M Z R (r g ) with the RH scale v R = 5, 10, 20 and 50 TeV. In the plot we have also shown the absolute theoretical lower bound on r g > tan θ w from Eq. (2.6) as the dashed vertical line, which is weaker than the "real" lower bound from perturbativity up to the GUT scale shown in Figs. 5 and 6 (the solid vertical gray line in Fig. 7 ). The scalar perturbativity limit shown in Fig. 7 will be discussed in Section 4.2.
As for the limits on W R boson in the LRSM, due to the Majorana nature of the heavy RHNs, the same-sign dilepton plus jets pp → W R → ± N → ± ± jj is the "smoking-gun" signal from the production and decay of the heavy W R boson at hadron colliders [87] . The associated searches of W R and RHN have been performed at LHC 13 TeV [29, 30] . To be concrete, we fix the RHN mass M N = 1 TeV; for such a benchmark scenario, the current LHC data requires that the
have to re-evaluate the dependence of the production of W R and the subsequent decays W R → ± N and N → ± on the gauge coupling g R . 4 Specifically,
• The production of W R at hadron colliders is proportional to the W R couplings to the SM quarks, i.e. σ(pp → W R ) ∝ g 2 R .
• The W R boson decays predominately into the SM quarks and the charged leptons and heavy RHNs, i.e. W R →q R q R , R N . All the partial widths are proportional to g 2 R , but not the branching fraction BR(W R → N ).
• In the limit of vanishing W − W R mixing and heavy-light neutrino mixing, N → jj is the dominant decay mode (assuming N here is the lightest RHN), whose branching fraction does not depend on g R .
In short, the g R dependence is only relevant to the production pp → W R . For fixed W R mass, we need only to rescale the production cross section σ(pp → W R ) by a factor of
The current LHC constraint on W R mass is presented in the left panel of Fig. 7 as function of r g , along with the contours of M W R for v R = 5, 10, 20 and 50 TeV.
It is a good approximation in the minimal LRSM that the right-handed quark mixing matrix is identical to the CKM matrix in the SM, up to some unambiguous signs [90] . Then the W R -mediated right-handed currents contributes to the K 0 − K 0 and B − B mixings, leading to strong constraints on the W R mass, M W R 3 TeV [42, [91] [92] [93] . This limit does not depend on the coupling g R , as in the limit of m K, B M W R the g R dependence of W R coupling to the SM quarks is canceled out by the dependence of g R in the W boson propagator. The W R contribution is effectively suppressed by v 2 EW /v 2 R . As the quark flavor limits on W R mass is significantly lower than that from the direct searches at the LHC for r g 0.65, they are not shown in the left panel of Fig. 7 . The W R contributes also to neutrinoless double β-decays [94] [95] [96] [97] [98] [99] [100] [101] [102] , which however depends on the masses of heavy RHNs and the doubly-charged scalars, and therefore, not included in Fig. 7 .
The W R could be probed up to 5.4 TeV at LHC 14 with a luminosity of 300 fb −1 [33, 103] . By rescaling the production cross section σ(pp → W R ) using CalcHEP [104] , the W R prospects could go up to 6.5 TeV for g R = g L at the HL-LHC where the integrated luminosity is 10 times larger (3000 fb −1 ). At future 100 TeV hadron colliders, for a relatively light RHN M N M W R , the decay products from the RHN tend to be highly-collimated and form fat jets. We adopt the analysis in Ref. [36] where M N /M W R was taken to be 0.1. Given a luminosity of 30 ab −1 at 100 TeV hadron colliders, the W R mass could be probed up to 38.4 TeV with g R = g L . The projected sensitivity of W R mass for a relatively low M N at the HL-LHC and future 100 TeV collider FCC-hh could also be generalized to the case with g R = g L , which are depicted in the left panel of Fig. 7 respectively as the short-dashed and long-dashed red curves.
With the heavy gauge boson masses in the minimal LRSM 
Perturbativity constraints from the scalar sector
The most general renormalizable scalar potential for the Φ and ∆ R fields is given by
Due to the LR symmetry, all the 12 parameters µ 2 1,2,3 , λ 1,2,3,4 , ρ 1,2 , α 1,2,3 are real, and the only CP-violating phase is δ 2 associated with the coupling α 2 , as explicitly shown in Eq. (4.5). 5 The neutral component of the triplet develops a non-vanishing vacuum expectation value (VEV) ∆ 0 R = v R , which breaks the SU (2) R × U (1) B−L down to the SM U (1) Y , and generates masses for the heavy scalars, the W R and Z R bosons and the RHNs. The bidoublet VEVs φ 0 1 = κ and φ 0 2 = κ are responsible for the electroweak symmetry breaking. Neglecting the CP violation and up to the leading order in the small parameters = v EW /v R and ξ = κ /κ, the physical scalar masses are respectively [68]
where h is the SM Higgs, H 1 , A 1 and H ± 1 respectively the heavy CP-even and CP-odd neutral components and the singly-charged scalars from the bidoublet Φ, H 3 and H ±± 2 are the neutral and doubly-charged scalars from the triplet ∆ R , following the convention of Ref. [68] .
In the minimal LRSM, the heavy neutral scalars H 1 and A 1 have tree-level FCNC couplings to the SM quarks, which contribute to the K 0 − K 0 , B d − B d and B s − B d mixings. Thus their masses are tightly constrained by the high-precision flavor data, i.e. M H 10 TeV [41] [42] [43] . For a few-TeV scale v R , this implies that the quartic coupling
/v 2 R is pretty large, typically of order one. The RG running of the quartic couplings in Eq. (4.5) are all entangled together, and a large α 3 is the main reason why the LRSM could easily hit a Landau pole at an energy scale that is much lower than the GUT scale [105] [106] [107] [108] . This could be alleviated if the v R scale is higher and the coupling α 3 gets smaller. Therefore, the perturbativity of the quartic couplings in Eq. (4.5) up to the GUT scale could set a lower bound on the v R scale, assuming there is no intermediate scales or particles in between v R and the GUT scale.
A thorough analysis of the RG running of all the quartic couplings in Eq. (4.5) is rather complicated and it obfuscates the perturbativity limits on the v R scale. While some of the quartic couplings could be tuned very small at the v R scale as they only induce mixings among the scalars such as α 1, 2 [68] , there are only four quartic couplings, i.e. the λ 1 , α 3 , ρ 1 and ρ 2 appearing in Eq. (4.6), that are responsible for the scalar masses at the tree level. Therefore, for the purpose of perturbativity limits in the scalar sector, we consider a simple scenario with only these four non-vanishing quartic couplings λ 1 , α 3 , ρ 1 and ρ 2 at the v R scale. In particular, we set the scalar masses to the following benchmark values:
from which one could obtain the values of λ 1 , α 3 , ρ 1 and ρ 2 by using Eq. (4.6). All other quartic couplings λ 2, 3, 4 , α 1,2 are set to zero, and this corresponds to the limits without any tree-level scalar mixing at the v R scale. In the limit of vanishing mixing between h and H 1 , the neutral scalar H 3 from the triplet ∆ R is hadrophobic and the experimental constraints on H 3 are rather weak [70, 109 ]. Thus we have set H 3 to be light, at the 100 GeV scale, in Eq. (4.7). The smoking-gun signal of a doubly-charged scalar is the same-sign dilepton pairs H (271 − 760) GeV, depending largely on the charged lepton flavors involved [112] . To be concrete, we have set the doubly-charged scalar mass at 1 TeV in Eq. (4.7), which easily satisfies the current LHC constraints. As for the bidoublet masses
, we have taken the minimum possible value allowed by FCNC constraints [42] , whereas for the SM Higgs, we have taken the current best-fit value [113] .
All the RGEs for the gauge couplings g L, R, BL and the quartic couplings in the potential in Eq. (4.5) are collected in Appendix A up to the two-loop level. To be self-consistent, we include also the RGE for the dominant Yukawa coupling h t that is responsible for generation of the top quark mass at the electroweak scale. The Yukawa couplings for the bottom and tauon are comparatively much smaller and are neglected here. For a RH scale v R 10 TeV, the Yukawa coupling f R of ∆ R to the lepton doublets are also small if the masses of the three RHNs M N TeV. For simplicity, the f R terms in the β-functions are also neglected. See Appendix A for more details.
Given the scalar masses in Eq. (4.7), all the β-functions for the quartic couplings in Eq. (A.5) to (A.13) are dominated by the α 3 terms if the RH scale v R is not too much higher than the TeV scale, i.e.
where the dots stand for the subleading terms. For a few-TeV v R and α 3 O(1), the quartic couplings rapidly blow up before reaching the GUT scale [105] [106] [107] [108] . An explicit example is shown in the two upper panels of Fig. 9 , with r g = g R /g L = 1.1 and v R = 6 TeV, where the quartic couplings become non-perturbative at ∼ 10 7 GeV. When the RH scale v R is higher, for a fixed mass M H 1 = 10 TeV, the coupling α 3 M 2 smaller. As a result, in a large region of the parameter space, all the quartic couplings are perturbative up to the GUT scale, as exemplified in the two lower panels of Fig. 9 with r g = g R /g L = 1.1 and v R = 12 TeV. In both examples, the bounded-from-below conditions in the scalar sector are respected [107, 114] 
One should note that the g R and g BL terms in the β-functions in Eqs. (A.5) to (A.13) might be unacceptably large. Thus the perturbativity limits in the scalar sector depend also on the gauge couplings g R and g BL , or equivalently the ratio r g = g R /g L . As seen in Eq. [34, 36, 75] , with both the gauge and scalar perturbativity limits up to the GUT scale taken into consideration. The range in each case corresponds to the allowed range of r g from perturbativity constraints, as given in Figs. 7 and 8. The missing entries mean that the corresponding maximum experimental reach has been excluded by the scalar perturbativity constraints. See text for more details.
collider It is remarkable that the perturbativity constraints from the scalar sector supersede the current LHC constraints on the W R and Z R bosons in the minimal LRSM, and even the projected Z R sensitivity at the HL-LHC, leaving only a very narrow window for W R , as shown in Fig. 7 . Fortunately, future 100 TeV colliders could probe a much larger parameter space. All the numerical ranges of the maximum W R and Z R mass reach and the corresponding v R scales at future hadron colliders are collected in Table 4 , with both the gauge and scalar perturbativity constraints taken into consideration. Finding a heavy W R and/or Z R boson at the HL-LHC, would have strong implications for the interpretation in the minimal LRSM. For instance, if a Z R boson was to be found at the LHC, then it does not belong to the minimal LRSM. It could still be accommodated in the LRSM framework by introducing some exotic particles or an intermediate scale, e.g. at ∼ 10 6 GeV, to the minimal LRSM to keep all the gauge, Yukawa and quartic couplings perturbative up to the GUT scale.
It should be emphasized that the perturbative constraints on the W R and Z R masses and the v R scale from the scalar sector shown in Figs. 7 and 8 are based on the assumptions of the scalar masses in Eq. (4.7) and the vanishing quartic couplings λ 2, 3, 4 , α 1,2 . In light of the stringent flavor constraints on the bidoublet scalars H 1 , A 1 and H ± 1 , the dilepton constraints on the doubly-charged scalar H ±± 2 and the flavor constraints on the neutral scalar H 3 , the masses in Eq. (4.7) are almost the most optimistic values allowed by the current data that could give us the most conservative perturbativity constraints. If the BSM Higgs masses get larger (especially in the bidoublet sector), the corresponding quartic couplings α 3 , ρ 1 and ρ 2 will be accordingly enhanced by M 2 /v 2 R at the v R scale (with M standing for the generic BSM scalar mass), and the scalar perturbativity limits on the v R scale would be more stringent. Furthermore, if the couplings λ 2, 3, 4 , α 1,2 are not zero at the v R scale, the quartic couplings tend to hit the Landau pole at a lower scale.
We have also checked also the two-loop corrections to the scalar perturbativity limits by deriving all the two-loop RGEs using the code PyR@TE [85, 86] , as collected in Eqs. (A.1) to (A.14). It turns out that the two-loop corrections only amount to less than 3% different for the scalar perturbativity limits on v R and the heavy gauge boson masses, as compared to the one-loop results presented in this section.
In the limit of small scalar mixing, just as we have assumed above, λ 1 can be identified as the SM quartic coupling. As a byproduct, the extra scalars in the LRSM contribute positively to the β(λ 1 ) in Eq. (A.5) in a larger region of parameter space, which helps to stabilize the SM vacuum up to the GUT scale or even up to the Planck scale. The full analysis of the stability of the scalar potential is beyond the main scope of this paper. See Ref. [114] for a recent analysis in this direction.
Conclusion
In conclusion, we find that in the extensions of the electroweak gauge group to either
both of which contribute to the electric charge, there are strong limits on the new gauge couplings g R and g BL from the requirement that the couplings remain perturbative till the GUT scale. We obtain those limits for the minimal versions of these models and study their implications for collider phenomenology. We find in particular that the ratio r g ≡ g R /g L , or effectively the gauge couplings g R and g BL , are limited to a very narrow range at the TeV scale, as seen in Figs. 2 and 6 . Inclusion of the scalar sector in the minimal LRSM implies that the RH symmetry breaking scale in LRSM must have a lower bound of about 10 TeV for a limited coupling range 0.65 r g 1.6. The gauge (and scalar) perturbative constraints have rich implications for the searches of Z R (and W R ) bosons in these models at the HL-LHC and future 100 TeV colliders. All the direct search constraints on the W R and Z R masses from LHC 13 TeV, as well as the future prospects at HL-LHC and 100 TeV colliders, depend on the BSM gauge couplings g R and g BL (or effectively the ratio r g ). All the Z R (and W R ) mass ranges and the corresponding v R scales are collected in Figs. 3, 4 and Table 2 for the U (1) B−L model, and Figs. 7, 8 and Table 4 for the LRSM. One of the most striking results we find is that the perturbativity constraints already exclude the possibility of finding the Z R boson belonging to the minimal LRSM at the HL-LHC, and leave only a narrow window for the W R boson. We hope this serves as an additional motivation for the 100 TeV collider, where a much broader parameter space can be probed.
A Two-loop RGEs for the minimal LRSM
Here we list the β-functions for the gauge couplings g S, L, R, BL , the quartic couplings λ 1, 2, 3, 4 , ρ 1, 2 and α 1, 2, 3 in the scalar potential (4.5) and the Yukawa coupling h t in the minimal LRSM up to two-loop level, which are obtained by using PyR@TE [85, 86] 
Note that some of the one-loop coefficients obtained here are different from those in Refs. [105, 106] . In particular, the coefficient for gR in these references is −5/2, while, with the same matter and scalar fields that contribute to the running of gR, we found it is −7/3. 
(A.15) whereΦ = σ 2 Φ * σ 2 (σ 2 being the second Pauli matrix) and C = iγ 2 γ 0 is the charge conjugation operator (γ µ being the Dirac matrices). After symmetry breaking, the quark and charged lepton masses are given by the generic formulas M u = h q κ +h q κ for up-type quarks, M d = h q κ +h q κ for down-type quarks, and similarly for the charged leptons, where we have neglected CP violation in the fermion matrices. To account for the SM fermion hierarchy, we set κ /κ m b /m t 1/60, then the top and bottom quark masses are respectively In the lepton sector, the tauon mass m τ h 33 κ +h 33 κ (h 33 andh 33 are respectively the (3, 3) elements of the h andh matrices), which is closely related to the Dirac mass matrix for neutrinos m D = h κ +h κ . The elements h 33 andh 33 cannot be very large for TeV-scale RHNs, or we need fine-tuning or large cancellation in fitting the charged lepton masses and the tiny neutrino masses. Thus we have neglected also the matrices h andh in the β-functions above. For the RH scale v R 10 TeV, as implied by the scalar perturbativity constraints in Figs. 7 and 8 , if the RHNs are all the TeV-scale, say M N 1 TeV, the Yukawa coupling f R ∼ M N /v R 0.1, and we do not include it either in the β-functions above.
